A physical mixture of Macadamia-derived activated carbon and cationic attapulgite clay was investigated for total chromium removal in aqueous solution. The parameters influencing the adsorption of chromium on the sorbents were investigated, and it was shown that pH 3, contact time 2 hours, concentration 50 mg L À1 and calculated adsorption capacity of 96.28 mg g À1 were the optimal parameters. The process of adsorption was better described by Freundlich adsorption isotherm, and the kinetic modelling data suggested a chemisorption mechanism described by pseudo-second-order (PSO) rate model. Ionic strength studies demonstrated that the removal of anionic Cr(VI) species was mostly affected by the presence of anions like Cl À and NO À 3 , while the removal of the cationic Cr(III) species was affected largely by cations NH
Introduction
Pollution of the water sector by toxic heavy metals like chromium generated from industries is a serious environmental problem. Because of their high solubility in water, heavy metals are taken up by plants or animals and hence easily entering the food chain. In addition, heavy metals are non-biodegradable, thus may last longer in the environment causing detrimental health effects such as diseases and disorder on humans and biota (Demirbas et al., 2004) . Several industries including plastic coatings, electroplating of metals for corrosion resistance, pigmentation, leather tanning and finishing are using chromium compounds and this results in discharge of large quantities of wastewater containing chromium into the environment (Gupta et al., 2001 ). The hexavalent [Cr(VI)] and trivalent [Cr(III)] forms of chromium are the two most stable oxidation states in aqueous solutions that have environmental importance. Cr(VI) is known for its carcinogenic and mutagenic effects while Cr(III) is a micronutrient at low concentrations. Due to its toxicity, only about 0.1 mg L À1 and 0.05 mg L À1 of Cr(VI) discharges are allowed by United States Environmental Protection Agency into inland surface water and potable water, respectively. Industrial wastewater contains approximately between 0.5 and 270.00 mg L À1 of chromium (WHO, 2006) . The removal of chromium (VI) compounds from the environment has attracted a widespread interest from researchers.
The removal of Cr(VI) from aqueous solutions by adsorbents is a complex process that could involve complexation, reduction, ion exchange, precipitation and adsorption. Because Cr(VI) is a strong oxidant, it is prone to undergo reduction to Cr(III) under strongly acidic conditions and/or in the presence of electron donors (Yang and Chen, 2008) . Adsorbents used for Cr(VI) removal in literature include natural polymers (Jung et al., 2013) , plantbased materials (Altun and Pehlivan, 2012) , synthetic polymers (Bayramoglu and Yakup Arica, 2011) , activated carbons (ACs) (Demirbas et al., 2004; Jung et al., 2013; Pakade et al., 2016a) or inorganic materials (Dubey et al., 2016) . Among these adsorbents, ACs produced from locally available low-cost agricultural wastes or by-products (Anirudhan and Sreekumari, 2011) have received extensive consideration owing to their large surface area, high adsorption capacity and well-defined microporous structure. Typical agricultural wastes/by-products that have been explored for the preparation of ACs for the removal of Cr(VI) include, but not limited to, sawdust (Kapur and Mondal, 2013) , walnut shell (Altun and Pehlivan, 2012) , Tamarind seed (Acharya et al., 2009) , rice straw (Wu et al., 2016) , bamboo (Dula et al., 2014) , Macadamia nutshells (Pakade et al., 2016b) , almond shell (Hashemian et al., 2013) and miscellaneous (Mohan and Pittman, 2006) . But ACs contain heteroatoms (O, N, S) as part of surface functional groups and these heteroatoms can facilitate the reduction of Cr(VI) to Cr(III) through donation of electrons. Therefore, during adsorption of Cr(VI) by adsorbents, the possibility of Cr(III) transformation and its subsequent removal also need to be addressed. Granted, Cr(III) is not toxic at low concentrations but is toxic at high concentrations. Removal of the anionic Cr(VI) by adsorbents is mostly carried out in acidic pH (pH 2 and 3) resulting in a positive charge surface, and this is not suitable for cationic Cr(III) removal because of the repulsion between the protonated sites on ACs and the Cr(III). It is known that Cr(VI) species exist in the entire pH range but at pH 2, HCrO À 4 is the most pre-dominant species while as the pH shifts from pH 2 to pH 10, CrO On the other hand, clay minerals, owing to their high surface areas, layered structure, low cost, non-toxic, easy accessibility and chemical stability (Ballay et al., 2014; Sarkar et al., 2010) , have also received broad applications on the removal of pollutant from aqueous solutions particularly the removal of heavy metal ions (Bradl, 2004) , dyes (Arbeloa et al., 2002) and other organics (El-Nahhal and Safi, 2004) . Chiefly, it has been shown that clays can be cost-effective adsorbents for the removal of heavy metals from acid mine drainage samples (Rios et al., 2008) . Numerous studies have reported the transformation of Cr(VI) to Cr(III) during adsorption (Li et al., 2017; Lv et al., 2016; Pakade et al., 2016a; Stoica-Guzun et al., 2016; Tang et al., 2014; Yang and Chen, 2008) , but no attempt was made to remove the formed Cr(III). Therefore, the current study attempts to use cationic clay (attapulgite clay which is a magnesium aluminium silicate rich clay) for the removal of the formed Cr(III) while AC will be responsible for the removal of Cr(VI) and reduction. The physical mixture of clay and AC is a simple and low-cost method as it involved no synthesis. Combinations of clay with other adsorbents like nanotubes (Ballay et al., 2014) , AC (Chen et al., 2011) and polymers (Kotal and Bhowmick, 2015) have been investigated for heavy metal removal from aqueous solutions. The attapulgite clay@carbon composite material prepared by hydrothermal carbonisation process exhibited high adsorption capacity for Cr(VI) removal of 177.74 mg g À1 (Chen et al., 2011) . In this work, it was reported that the removal mechanism was a combined effect of complexation, redox reaction and ion exchange processes (Chen et al., 2011) . Macadamia-derived AC has shown strong capabilities of reducing Cr(VI) to Cr(III) (Pakade et al., 2016a) , and it was expected that the produced Cr(III) will adsorb on the clay through ion exchange mechanism leading to a synergistic effect for the removal of both Cr(VI) and Cr(III). Scanning electron microscopy energy dispersive spectroscopy (SEM-EDS) was used to confirm the synergistic removal mechanism.
Materials and methods

Chemicals and instrumentation
All the chemicals and reagents used were of high-quality grade and were used without further purification. K 2 Cr 2 O 7 , NaOH and HCl were sourced from Merck Chemical Co. (Johannesburg, South Africa). 1,5'-Diphenylcarbazide was purchased from Sigma-Aldrich (Johannesburg, South Africa).
All solutions were prepared with ultrapure water obtained from the Siemens LaboStar equipment (Warrendale, Pennsylvania, USA). An ADWA AD111 OPR pH meter from Adwa Instruments (Szeged, Hungary) was used for measuring the pH of the solutions. A multipoint MS-53 M stirrer model Jeio Tech (Seoul, Korea) was utilised for performing batch adsorption experiments. Total chromium was measured on an atomic absorption spectrophotometer AA7000 from Shimadzu (Kyoto, Japan) whilst UV-VIS (T80 þ ) supplied by PG Instruments was used for the determination of Cr(VI). Centrifugation was performed on a CL10 ThermoScientific centrifuge from Labotec (Johannesburg, South Africa). Adsorption and kinetic isotherms were plotted using Origin 7.0 software.
Adsorbent and adsorbate
Commercial Macadamia AC (MAC) was supplied by Innovation Carbon FILTATECH (Johannesburg, South Africa). The Brunauer, Emmett and Teller (BET) surface area was 689 m 2 g À1 and the elemental analysis was %C (83.1%), %H (2.3%), %N (1.1%) and %O (13.5%) (Pakade et al., 2016a) . Calcined attapulgite clay was supplied by ImproChem (South Africa). MAC and attapulgite clay were crushed and sieved through a 90-45 mm screen and the collected powder was mixed thoroughly in a 1:1 w/w ratio. Preparation of 1000 mg L À1 chromium(VI) stock solution was achieved by dissolving pre-dried K 2 Cr 2 O 7 in ultrapure water. Serial dilutions of stock solution were made to prepare standard and working solutions. Different concentrations of electrolyte solutions were prepared by dissolving 0.5, 1.0, 2.0, 3.0 and 5.0 g of NaCl in separate volumetric flask containing 100 mg L À1 Cr(VI) solution at pH 3. Similar procedure was followed to prepare solutions containing KCl, NaNO 3 , KNO 3 and NH 4 Cl.
Adsorption studies
Parameters controlling adsorption of Cr(VI) ions by clay and AC mixture were evaluated in batch experiments with two repetitions. The influence of solution pH (pH 1-9), initial Cr(VI) concentration (10-250 mg L À1 ), adsorbent dosage (0.02-0.30 g) and stirring time (15-240 minutes) was investigated. Solid material was separated from the solution after adsorption by first centrifugation and then filtered through a Whatman #4 filter paper. Then the concentration of Cr(VI) and total chromium was determined using UV-VIS spectroscopy and atomic absorption spectrophotometer, respectively. For the determination of Cr(VI), a calorimetric method entailing the use 1,5'-diphenylcarbazide complexing agent in acidic medium was followed and the absorbance was measured at 540 nm wavelength (Greenberg et al., 1992) .
The adsorption capacity (q e , mg g À1 ) and the percentage removal (%R) of adsorbate by adsorbent were calculated from equations (1) and (2), respectively
where C 0 is the initial concentration of adsorbate in (mg L À1 ) and C e is the concentration of an adsorbate in solution after adsorption (mg L À1 ), q e is the amount of adsorbed metal ion (mg g À1 adsorbent) on the sorbent, m is the weight of sorbent (g) and V is the volume of metal solution (L).
Ionic strength
Effect of salts on the removal of chromium by the AC-clay combination was studied in the presence of various concentrations of different electrolyte solutions. Binary solutions containing Cr(VI) ions and each of the following electrolytes NaNO 3 , NaCl, KNO 3 , KCl and NH 4 Cl were prepared. The concentration of the competitor anion was varied from 0.5%, 1.0%, 3.0% and 5.0% while the concentration of Cr(VI) was kept constant at 100 mg L À1 .
Results and discussion
Characterisation of materials
Morphological analyses were carried out on an FEI Quanta 200 SEM (FEI, Hillsboro, OR, USA). The SEM images for the adsorbent before and after Cr(VI) adsorption are displayed in Figure 1 . A dispersion of clay powder in the pores of MAC can be observed in Figure 1 (a). After adsorption, MAC pores are much clearer and visible. This could imply that segregation of MAC and clay adsorbents took place after adsorption. Both adsorbents displayed heterogeneous surface properties which is suitable for adsorption. Elsewhere (Hashemian et al., 2013) , it was also observed that the surface of the adsorbent changed significantly after adsorption.
Optimisation of MAC-clay mixture and adsorption by pure materials AC-clay physical mixture was optimised by mixing MAC and attapulgite clay in the following mass ratios: 3:1; 1:1; 1:3, representing 0.3 g:0.1 g; 0.1 g:0.1 g; 0.1 g:0.3 g, respectively, and performing the adsorption of Cr(VI) at uniform conditions, that is, at 100 mg L À1 initial Cr(VI) concentration, initial pH 1, solution volume 30 mL and 2 hours of contact time. Figure 2(a) shows the effect of MAC-clay ratio on the adsorption of chromium. It can be observed that the removal efficiency of chromium increased as the amount of MAC was increased. All chosen ratios showed adsorption efficiency greater than 99%. Even though 3:1 ratio seemed to be optimum, 1:1 was used in succeeding experiments simply because there was only 0.1% difference between 3:1 and 1:1. Therefore, to save material (MAC), 1:1 was the best option. Adsorption of Cr(III) and Cr(VI) by pure materials (clay or MAC) showed high %removal of Cr(III) by clay (82%) and very low %removal of Cr(VI) by clay (7%) (Figure 2(b) ). In pure MAC, the trend was reversed, that is, 42% removal of Cr(VI) and 5% removal for Cr(III). However, these results revealed that hybrid material had higher %removal than pure materials. This study was performed using saturated solution of chromium solution at pH 3.
Adsorption studies
Effect of pH. It has been shown that the removal of chromium (VI) by adsorbents could be through adsorption and/or reduction (Li et al., 2017; Lv et al., 2016) with pH playing a significant role. The influence of pH on the adsorption of chromium by the MAC-clay is depicted in Figure 3 . The percentage removal (%R) of Cr(VI) decreased as the pH increased from 2 to 9. This was largely due to the attraction of negatively charged chromate ions to the protonated sites of MAC at low pH but at high pH %R decreased because of the absence of protonated sites and the competition for adsorption sites between Cr(VI) and OH À ions (from NaOH used in pH adjustment). Gueye et al. (2014) and Yang et al. (2015) also observed a similar trend. It was postulated that Cr(VI) was adsorbed on the MAC surface and remained attached through electrostatic attraction while other part received electrons from adjacent electron carriers like O and N groups leading to its subsequent reduction to Cr(III) (Pakade et al., 2017) . Part of the formed Cr(III) was taken up by clay through ion exchange mechanism as was demonstrated by traces of magnesium found in solution after adsorption. The redox reactions given below show the conversion of Cr(VI) to Cr(III) in the presence of electron donors and the presence of insoluble precipitate Cr(OH) 3 at basic pH 
Equilibrium concentration for Cr(VI) and total chromium was plotted against the initial pH of the solution (Figure 3(b) ). As can be seen, at pH below 2 the amount of Cr(VI) at equilibrium was almost zero, but the amount of total chromium in solution was about 40 mg L À1 which signified possible reduction. However, as the pH was increased from pH 3 to pH 9, the amount of Cr(VI) in solution increased. This translated to less percentage adsorption of Cr(VI) by the sorbent as most of it was remaining in solution. Total chromium also increased indicating that less adsorption was achieved. At pH 3, the equilibrium concentration of Cr(VI) and total chromium was similar. This implied that the reduced Cr(III) was adsorbed by the material. In addition, the reduction of Cr(VI) to Cr(III) causes depletion of protons in solution leading to increase in solution pH essential for Cr(III) uptake by clay. Hence, pH 3 was used for subsequent studies because adsorption and reduction were efficient.
Effect of concentration and adsorbent dosage. Figure 4(a) shows the percentage removal (%R) of Cr(VI), total chromium and adsorption capacity for Cr(VI) and total Cr. It can be observed that the removal efficiency of Cr(VI) decreased from 100% at 50 mg L À1 to 72% at 250 mg L
À1
while that of total Cr decreased from 80% at 50 mg L À1 to 35% at 250 mg L
. Meanwhile, the Cr(VI) adsorption capacity (mg g À1 ) increased from 0.2 to 98 mg g À1 and the total Cr adsorption capacity increased from 0.2 to 44 mg g À1 as the concentration increased. The MAC-clay combination was most successful at low concentration (<50 mg L
) demonstrated by the 80% removal of total Cr, meaning that at these concentrations the adsorbents were able to sequestrate both Cr(VI) and Cr(III) efficiently. However, as the concentration increased from 100 to 250 mg L
, there was a steep decline in total Cr removal (35%) compared to Cr(VI) removal (72%). The high concentration of total chromium left in solution implied that more Cr(III) was in solution. This can be attributed to the slow reaction process involving ion exchange and low capacity of clay. The trend of decreasing %R with increasing metal ion concentration, which is a resultant of decreasing adsorption site to the number of adsorbate molecule in solution, has been reported by numerous authors (Habiba et al., 2016; Kapur and Mondal, 2013; Linsha et al., 2013) . Even though 50 mg L À1 was the observed optimum concentration, but a much higher concentration of 100 mg L À1 was used for the subsequent experiments to simulate concentration of Cr(VI) in wastewater environment. The %R of Cr(VI) increased with increasing dosage (Figure 4(b) ), a characteristic associated with increasing amount of adsorption sites on the adsorbent.
To further confirm the synergistic effect of MAC and clay in the removal of Cr(VI) and Cr(III), SEM-EDS images of the exhausted materials revealed the presence of chromium in both materials ( Figure 5 ). The EDS showed a presence of Au and Pb in both materials because the samples were coated with Au and Pb to create a conductive layer of the metal on the sample to prevent charging. The carbon sample showed the presence of C while Al, Si, Mg and Fe were observed in the clay sample, and these formed the backbone of the investigated adsorbents. Figure 6(a) shows the equilibrium concentration of chromium versus contact time. It can be observed that after 15 minutes, the amount of Cr(VI) left in solution was almost zero while the amount of Cr(III) left was 32 mg L
Effect of time.
À1
. This observation illustrated that the Cr(VI) that got attached to the carbon was first reduced to Cr(III) and released back into solution. However, as the time was prolonged the equilibrium concentration of total chromium decreased to the same level as Cr(VI) from 60 to 240 minutes. The decrease of Cr(III) in solution with increasing time proved that adsorption of Cr(III) through cationic exchange resin was a slow process. Optimal contact time was found to be 60 minutes, but 120 minutes were used in subsequent experiment so to allow the reactions to reach completion. Figure 6 (b) also illustrates that adsorption and transformation of Cr(VI) is a rapid process while adsorption of Cr(III) by the attapulgite clay is a slow process. This is demonstrated by the amount of Cr(III) left in solution after 30 minutes.
Effect of coexisting anions and ionic strength. Figure 7 illustrates the influence of ionic strength on the adsorption capacities of Cr(VI) and Cr(III) by MAC-clay mixture. It can be observed that the adsorption capacity of Cr(VI) and Cr(III) decreased as the ionic strength of solution increased. This was consistent with Chen et al.'s (2012) and Gladysz-Plaska et al.'s (2012) observations that increasing the ionic strength of the solution and decreasing the pH resulted in decreased Cr(III) adsorption capacity. When looking at the KCl:KNO 3 and NaCl: NaNO 3 pairs, it could be observed that higher removal of Cr(VI) was achieved in the presence of Cl À in KCl:KNO 3 pairs, but a contrasting observation was observed in the NaCl:NaNO 3 pairs as higher removal was obtained in NaNO 3 . Gladysz-Plaska et al. (2012) also observed high percentage adsorption of Cr(VI) in the presence of NaNO 3 than in NaCl at lower concentration dosages, but the order was reversed at higher concentration of electrolyte. The removal of Cr(III) by MAC-clay mixture decreased in the following order KCl>NaCl>KNO 3 >NaNO 3 >NH 4 Cl. Therefore, it can be concluded that the cation exchange was greatest in the presence of K þ , then Na þ and lastly NH þ 4 . This was related to the size of the cation, the smaller the more it was easier for exchange with Cr(III) ions. Interestingly, the anions also influenced the adsorption capacity of Cr(III). Adsorption was more favoured in the presence of Cl À ions. Figure 8 shows the effect of different electrolytes on the reduction of Cr(VI) by MAC and subsequent adsorption of Cr(III) by attapulgite clay. Figure 8(a), (d) and (e) shows that there was Cr(III) present in solution after adsorption implying that substantial amount of Cr(VI) was reduced to Cr(III) and not adsorbed on the sorbents. The amount of Cr(III) present ranged from 45-57 mg L À1 , 25-28 mg L À1 and 20-28 mg L À1 for solutions containing NaNO 3 , KCl and NH 4 Cl, respectively. Therefore, removal of Cr(III) was mostly affected in the following order NaNO 3 >KCl>NH 4 Cl. There was very little Cr(III) generated in the presence of KNO 3 and NaCl (Figure 8(b) and (e)). These results show that it was not only about the cation that interfered with the removal of Cr(III) but also the balancing counter ion played a crucial role. Cr(VI) removal was most efficient in the presence of KCl followed by NaNO 3 then KNO 3 , NH 4 Cl and NaCl had similar impacts. The amount of Cr(VI) present in solution after adsorption decreased in the order KNO 3 >NaCl&NH 4 Cl> NaNO 3 >KCl. These results demonstrated that simultaneous removal of Cr(VI) and Cr(III) in the presence of electrolytes was a complex process. In addition, counter ions Cl À and NO À 3 have been competing for binding sites with Cr(VI), and the balancing cation influenced the removal efficiency. However, the amount of Cr(III) present after adsorption is in almost a reverse order of Cr(VI) present, i.e. it decreased in the order NaNO 3 >KCl>NH 4 Cl>NaCl>KNO 3 .
Adsorption isotherms
Freundlich and Langmuir isotherms were used to model the adsorption capacity data. Information about the maximum adsorption capacities is important in order to infer about exhaustion of sorbents particularly for industrial application. Both models were used in their linear forms to fit the effect of concentration data. A linear plot of C e /q e versus C e was plotted to obtain the slope and the intercept was used to compute q m and b constants of Langmuir equation. The Langmuir isotherm represented by equation (3) deals with the coverage of an adsorbent homogeneous surface having restricted number of identical adsorption sites by a monolayer of adsorbate
where b is the Langmuir isotherm constant (L mg À1 ), q m represents maximum Cr(VI) uptake (mg g À1 ), q e is the calculated Cr(VI) uptake (mg g À1 ) and C e is the equilibrium Cr(VI) concentration (mg L À1 ). The Freundlich model predicts a multilayer coverage of a heterogeneous adsorbent surface by the adsorbate. The linearized form of the equation is
where
1/n and 1/n is the Freundlich exponent. A plot of log q e versus log C e gives the Freundlich constants K F and n. The Freundlich constant K F is related to adsorption capacity and binding force strength while the exponent 1/n is a measure of the sorption intensity or surface heterogeneity. , 0.935) was less than that of Freundlich isotherm (R 2 , 0.994) and the q m estimated by the Langmuir was not closer to the q e values. On the other hand, the K F (14.74) and n values were larger than unity suggesting favourable adsorption of Cr(VI) on the adsorbent. Hence, it was concluded that the data fitted best in Freundlich model largely because of the diversity of adsorption sites on the MAC and clay adsorbents.
Adsorption kinetics
The influence of stirring time on adsorption of chromium on the sorbent mixture was investigated by varying stirring time from 15 to 240 minutes while other variables were kept constant. The data obtained was fitted in the pseudo-first-order (PFO) and PSO rate models to assess the processes governing sorption of adsorbate and mass transfer rate. Linearized forms of the PFO and PSO models are supplied in equations (5) and (6), respectively
Log q e À q t ð Þ¼Log q e À k 1 t 2:303 ð5Þ
where q t (mg g À1 ) is the metal ion sorption capacity at time t (minutes), k 1 (min À1 ) is the PFO constant of biosorption and k 2 (g mg À1 min À1 ) is the PSO constant of adsorption. Table 1 presents the correlation data for PFO and PSO kinetic models for the adsorption of Cr(VI) on MAC-clay. The q e (73.69 mg g À1 ) and q m (74.35 mg g À1 ) values obtained from PSO were closer to each other, while those obtained from PFO were quite far apart (73.69 and 1.98 mg g À1 ). Also, the coefficient of determination (R 2 , 0.999) from PSO was closer to unity. Both these observations demonstrated clearly that PSO was the best fit rate model for the data suggesting a chemisorption type of interaction. Chen et al. (2016) and Li et al. (2017) have also reported a chemisorption relation for the adsorption of Cr(VI) by hybrid sorbents or composites.
Comparison of adsorption capacity with composite materials
The Cr(VI) removal efficiency of the MAC-clay mixture was compared to several composite materials found in the literature. These adsorbents were compared in terms of adsorption capacity, preparation methods, adsorbent dosage, initial concentration, pH, temperature and the ability to reduce Cr(VI) to Cr(III) ( Table 2 ). The composite materials in Table 2 were prepared using various methods and some of which were complex involving many steps. Adsorption capacity, initial concentration and sorbent dosage are used as the main performance indicators for comparing different adsorbents. The MAC-clay adsorbent displayed higher adsorption capacity (96.28 mg g À1 ) when compared to other recently published adsorbents, e.g. aminated boehmite/silica particles (48.77 mg g À1 ) and bacterial cellulose-magnetite composites (11.56 mg g À1 ) but comparable to amino-propyl functionalized mesoporous silica (111.1 mg g À1 ). However, adsorption capacities should be interpreted together with dosage as they depend much on the solid-liquid ratios applied. In this case, there were some adsorbents that exhibited higher adsorption capacities than MAC-clay using lower solid-liquid ratios, e.g. polyaniline-magnetic mesoporous silica composite (193.85 mg g À1 ) reported by Tang et al. (2014) .
Conclusion
These results demonstrate that a combination of two sorbents, MAC and attapulgite clay may be used to combat the scourge of Cr(VI) contamination in wastewater systems. Cr(VI) is a tricky pollutant that easily transforms to Cr(III) when its removal is attempted using adsorbents bearing heteroatoms. This is because the heteroatoms impart electrons that facilitate the reduction of Cr(VI) into Cr(III) leading to incomplete removal of chromium. In this case, Cr(VI) was adsorbed and some reduced by MAC while the produced Cr(III) was taken up by attapulgite clay through ion exchange mechanism fashioning synergistic effects for simultaneous removal of Cr(VI) and Cr(III). SEM-EDS revealed the presence of chromium in both pure MAC and clay samples, an indication that Cr was adsorbed by both materials. Parameters affecting adsorption were evaluated and optimum values were pH 3, contact time (1 hour), adsorbent mass (0.2 g) and concentration of 50 mg L
À1
. The effect of ionic strength was also investigated and it was found that the amount of Cr(VI) after adsorption decreased according to the following order KNO 3 >NaCl&NH 4 Cl> NaNO 3 >KCl, demonstrating that total and simultaneous removal of Cr(VI) and Cr(III) in the presence of electrolytes is a complex process. It was clear that the counter cation also played a role in the adsorption of Cr(VI). Hence, this presents a challenge in treating contaminated wastewater with adsorbents as the presence of electrolyte will inhibit the removal of chromium. Furthermore, it was shown that the data fitted best in Freundlich isotherm and PSO rate model, leading to a conclusion that a multilayer-chemisorption process was involved for the removal of chromium and this was no surprise due to the diversity of binding sites present in MAC and clay.
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